Quiescent satellite cells (SCs) that are activated to produce numerous myoblasts underpin the complete healing of damaged skeletal muscle. How cell-autonomous regulatory mechanisms modulate the balance among cells committed to differentiation and those committed to self-renewal to maintain the stem cell pool remains poorly explored. Here, we show that miR-31 inactivation compromises muscle regeneration in adult mice by impairing the expansion of myoblasts. miR-31 is pivotal for SC proliferation, and its deletion promotes asymmetric cell fate segregation of proliferating cells, resulting in enhanced myogenic commitment and re-entry into quiescence. Further analysis revealed that miR-31 posttranscriptionally suppresses interleukin 34 (IL34) mRNA, the protein product of which activates JAK-STAT3 signaling required for myogenic progression. IL34 inhibition rescues the regenerative deficiency of miR-31 knockout mice. Our results provide evidence that targeting miR-31 or IL34 activities in SCs could be used to counteract the functional exhaustion of SCs in pathological conditions.
Introduction
The regeneration, maintenance, and growth of skeletal muscle mainly rely on a small population of muscle stem cells, termed satellite cells (SCs), which reside between the sarcolemma and the basal lamina in a quiescent state [1] [2] [3] . When SCs respond to injury, they are rapidly activated to produce thousands of proliferating SCs and then differentiate into myoblasts, which ultimately fuse with preexisting myofibers or each other to repair damaged muscle. A small population of activated SCs can also reverse to quiescence to replenish the stem cell pool, and this process is known as self-renewal [4] [5] [6] . During skeletal muscle regeneration, SCs that differentiate to form new fibers and that self-renew to maintain the stem pool must strike a delicate balance [7] [8] [9] [10] [11] . Premature differentiation of SCs leads to a reduction in cell number and failure of muscle regeneration [9, 12, 13] . Abnormal stem cell pool maintenance impairs the homeostasis of skeletal muscle and muscle regeneration and results in skeletal muscle performance dysfunction [14, 15] .
JAK-STAT3 signaling is an evolutionarily conserved signaling pathway activated by diverse growth factors, cytokines, interferons, and related molecules, and it regulates a variety of biological events ranging from embryonic development to inflammation to the development of several types of cancer in humans [16] [17] [18] . In skeletal muscle stem cells, JAK-STAT3 signaling was reported to promote terminal myogenic differentiation to the detriment of their proliferation [19] . Inhibition of STAT3 function in the suspended myofiber model increases the planar division of SCs. JAK-STAT3 signaling in SCs increases with age and leads to a decline in cell function through stimulation of asymmetric cell division [20] . All of these findings indicated that JAK-STAT3 activity in SCs has an important role in modulating cell fate segregation; however, the upstream effectors that control the activity of JAK-STAT3 signaling in adult proliferating SCs during muscle regeneration remain poorly understood.
JAK-STAT3 is also involved in processes such as immunity, cell division, cell death, and tumor formation [21] [22] [23] [24] . Some interleukin (IL) family members were identified to be regulators of the JAK-STAT3 signaling pathway [16] . A newly discovered member of the IL family, named IL34, which was identified from a comprehensive survey of human proteins in a human monocyte viability assay [25] , has a vital role in the regulation of tissueresident monocytes and macrophages [26] . However, until now, there has been no report on the expression and functional analysis of IL34 in the skeletal muscle system.
MicroRNAs (miRNAs) regulate many cellular processes of SCs, including proliferation, differentiation, re-entry into quiescence, and maintenance of quiescence [27] [28] [29] [30] . In resting skeletal muscle, miR-31 sequesters Myf5 into mRNA granules, thereby holding quiescent SCs that are poised to enter the myogenic program [31] . A microarray analysis revealed that the expression level of miR-31 was further upregulated in activated SCs relative to quiescent SCs [32] . Profile analysis of Duchenne muscular dystrophy compared with wild-type (WT) muscles revealed that miR-31 showed a 50-fold enrichment relative to control samples [33] . All of these findings indicated that miR-31 plays important roles in regulating activated SCs.
In this study, we show that mice with miR-31 deletion have deficient skeletal muscle repair in response to 1.2% BaCl 2 injury. Inefficient regeneration results from the impaired expansion of SCs and relates to the dysregulation of IL34, a cell-autonomous positive regulator of JAK-STAT3 signaling, which impairs the function of SCs through the stimulation of asymmetric division.
Results

Inefficient skeletal muscle regeneration in miR-31knockout (KO) mice
We induced tibialis anterior (TA) muscle injury by injection of 1.2% BaCl 2 and examined the expression profile of miR-31 during skeletal muscle regeneration. Results showed that miR-31 was dramatically upregulated in regenerating muscles and peaked at day 5 after TA muscle injury (Fig. 1a ). In situ hybridization analysis showed that miR-31 is highly present in regenerating TA muscle ( Fig. 1b) .
Because miR-31 is preferentially expressed in regenerating skeletal muscle, we sought to explore the role of miR-31 during skeletal muscle regeneration. We found that inactivation of miR-31 in mice did not affect the whole body weight or wet weight of normal TA muscle (Fig. 1c,  d ). The myofiber cross-sectional size distribution of uninjured TA muscle also showed no change between WT and miR-31-KO mice ( Supplementary Fig. S1a, b ). Interestingly, the regenerative capability of TA muscle was markedly reduced in miR-31-KO mice compared with that in WT littermates ( Fig. 1e ), as shown by an apparent reduction in the size of myofibers with centralized nuclei in miR-31-KO mice compared with WT littermates after 5 days of injury ( Fig. 1f ). Moreover, the percentage of regenerating fibers including two or more centralized nuclei was also significantly reduced in miR-31-KO mice compared with that in WT mice ( Fig. 1g ). A deficiency in muscle regeneration in miR-31-KO mice was also clearly evidenced by the myofiber size calculation at day 7 after injury (Supplementary Fig. S1a , c). The embryonic/developmental isoform of MyHC + (eMyHC) fiber size of day 5 post injury TA muscle was remarkably reduced in miR-31-KO mice compared with WT mice (Fig. 1h , i).
After recovery of the TA muscle for 60 days, there was no difference of injured TA muscle between miR-31-KO and WT mice ( Supplementary Fig. S1d, e ). After a second round of injury using BaCl 2 solution, the impaired skeletal muscle regeneration capability in miR-31-KO mice was even more pronounced ( Fig. 1j , k). To further evaluate whether intrinsic loss of miR-31 from SCs dampens their functional capacity to participate in muscle regeneration, we transplanted 250,000 SCs from WT and miR-31-KO mice into 2-day injured TA muscle of adult WT mice ( Fig. 1l ). TA muscles from recipient WT mice transplanted with SCs with miR-31 deletion displayed a clear reduction in muscle regeneration ( Fig. 1m, n) . These results suggest that miR-31 is essential for the early stage of skeletal muscle regeneration.
Deletion of miR-31 reduces the regenerative SC pool and the proliferative capability of SCs
The results revealed that the frequency of Pax7 + SCs was dramatically reduced in 5-day post injury TA muscle of miR-31-KO mice relative to WT mice ( Fig. 2a, b ), although the number of Pax7 + cells on transverse sections of uninjured TA muscle and freshly isolated single myofibers was not significantly different between miR-31-KO and WT mice ( Supplementary Fig. S2 ). Remarkably, there were significantly fewer myogenic cells on cultured fibers in miR-31-KO mice than in WT mice ( Fig. 2c, d) .
We next cultured SCs isolated from the hind limbs of adult WT and miR-31-KO mice in growth medium for 5 days and pulsed them with the thymidine analog EdU for the last 2 h. The proportion of Pax7 + EdU + cells was significantly lower in miR-31-KO SCs than in WT mice ( Fig. 2e, f) . The growth rate of plated SCs revealed that SCs without miR-31 had significantly reduced growth potential ( Fig. 2g and Supplementary Fig. S3a ). To measure whether the mitogenic ability of SCs was attenuated by loss of miR-31 function, we calculated the elapsed time of dividing cells undergoing two rounds of the cell cycle by tracking FASCisolated cells using videomicroscopy (Supplementary Movie. S1, 2). We observed no clear difference in the elapsed time of dividing cells undergoing twice the number of cell divisions from the 2nd to the 3rd cell cycle (Supplementary Fig. S3b ).
To investigate the proliferating potential of SCs during muscle regeneration, we used immunohistochemistry to detect Ki67 + cells in regenerating skeletal muscle, in which numerous proliferating and differentiating cells are normally present [34] , at day 3. Indeed, the number and frequency of Ki67 + cells on transverse sections of TA muscle were dramatically reduced in miR-31-KO mice relative to WT mice ( Fig. 2h -j). EdU was also added to stain proliferating cells for the last 2 h before sacrificing the mice, and the number of EdU + cells was found to be significantly reduced in miR-31-KO mice compared with that in WT mice ( Supplementary  Fig. S3c, d ). To identify SC-associated proliferating myoblasts, anti-MyoD, and anti-Ki67 antibodies were used to coimmunostain transverse sections of day 3 post injury TA muscle [35] . miR-31 inactivation resulted in a significant decrease in MyoD + Ki67 + cells (Fig. 2k, l) . Interestingly, the protein level of MyoD was drastically increased in the day 3 post injury TA muscle of miR-31-KO mice compared with that in WT mice ( Fig. 2m ), highlighting the possibility that miR-31-deficient proliferating SCs are more inclined to differentiate.
Inactivation of miR-31 promotes the myogenic lineage progression of SCs
To detect the myogenic fate decisions of miR-31-deficient SCs, fluorescence-activated cell sorting (FACS)-isolated SCs from the hind limbs of adult WT and miR-31-KO mice were cultured and then induced to differentiate to form new myotubes. Committed SCs (MyoD + Ki67 − ) occupied a significantly higher proportion among SCs lacking miR-31 relative to corresponding WT SCs plated in growth medium ( Supplementary Fig. S4a, b ). Interestingly, a dramatically higher proportion of MyoD + Ki67 − cells was also found in miR-31-KO SCs at day 1 after differentiation ( Fig. 3a, b ). Consistent with the immunostaining results, MyoD and MyoG protein levels were significantly increased in miR-31-KO cultures ( Fig. 3c ). After 2 days in differentiation medium, miR-31 inactivation promoted terminal myogenic differentiation of SCs, as shown by a higher differentiation index relative to WT SCs ( Fig. 3d, e ). The frequency of undifferentiated proliferating Ki67 + cells was significantly reduced in miR-31-KO cell cultures ( Fig. 3f ). Moreover, miR-31 inactivation increased the ratio of both the selfrenewing Pax7 + MyoD − and differentiated Pax7 − MyoD + cell populations and decreased the ratio of the proliferating Pax7 + MyoD + cell population ( Fig. 3g , h).
Loss of miR-31 drives Pax7 + proliferating SCs into quiescence
Inactivation of miR-31 increased the ratio of the Pax7 + MyoD − cell population ( Fig. 3h ), leading us to examine whether miR-31 also controls the re-entry of SCs into quiescence during skeletal muscle regeneration and in vitro culture. Consistently, deletion of miR-31 in mice severely increased the percentage of Pax7 + Ki67 − quiescent cells in TA muscle after injury at day 5 ( Fig. 4a, b ), on which numerous Pax7 + cells replenish the satellite stem cell pool [36] . Consistent with reports demonstrating that quiescent SCs express a higher level of Pax7, we indeed detected a significant increase in both the mRNA and protein levels of Pax7 in day 5 post injury skeletal muscle of miR-31-KO mice compared with that of WT mice ( Fig. 4c, d ).
FACS-isolated SCs from the hind limb muscle of miR-31KO and WT mice were first cultured in growth medium and then induced to differentiate. We detected that miR-31 deletion resulted in a dramatically higher proportion of noncycling Pax7 + Ki67 − SCs ( Fig. 4e-h) . The niche has a distributions of WT and miR-31-KO TA muscle 5 days after BaCl 2mediated injury were measured by using ImageJ software. Only myofibers that contained centrally located nuclei were counted. **P < 0.01; ***P < 0.001. g Quantification of the ratio of regenerating myofibers containing two or more centralized nuclei per field at day 5 post injury. N = 4 in each group. ***P < 0.001. h Representative overlaid photomicrographs of TA muscle sections of WT and miR-31-KO mice 5 days post injury after immunostaining for eMyHC (red) and laminin (green). Nuclei were labeled by DAPI. Scale bar: 30 μm. i Average CSA of eMyHC-positive fibers in TA muscle 5 days post injury. ***P < 0.001. j Sixty days after the first injury, a second injection of BaCl 2 solution was delivered to the muscle of WT and miR-31-KO mice, and the muscle was analyzed at day 5 after the second injury. An H&E-stained TA muscle section from a miR-31-KO mouse presenting severely delayed muscle repair after being subjected to a second injury. Scale bar: 30 μm. k Quantitative analysis of the average CSA of regenerating myofibers at day 5 after the second injury. N = 3 in each group. ***P < 0.001. l Experimental procedure presenting SC preparation and transplantation into the regenerating TA muscle of WT mice. m Histology analysis of the 5-day recovered TA muscles of WT mice transplanted with SCs by performing H&E staining. Scale bar: 50μm. n Quantification of the average myofiber CSA of regenerating TA muscles transplanted with SCs of adult WT mice 5 days after injury. N = 3 in each group. ***P < 0.001 key role in regulating the cell fate of SCs [10] . To examine whether SC re-entry into quiescence is affected by the niche, we examined the cell fate of SCs on cultured single myofibers. Intriguingly, we detected a dramatic increase in the proportion of self-renewing Pax7 + MyoD − cells in clusters of mice with miR-31 deletion ( Fig. 4i, j) . To further elucidate the role of miR-31 during myogenesis, we performed a gene expression microarray analysis using WT and miR-31-KO proliferating SCs after incubation in growth medium. From the significant differential gene heatmap, four genes were significantly upregulated in miR-31-KO mice compared with WT mice (Fig. 5a ). The 3′ untranslated region (3′-UTR) of IL34, which is remarkably expressed in proliferating SCs of miR-31-KO mice (Fig. 5b, c) , was predicted as the target of miR-31 by two target prediction algorithms (miRanda; www.microrna.org/ and TargetScan; www.Targetscan.org/). To further confirm whether miR-31 affects IL34 messenger RNA by interacting with putative target sites in the 3′-UTR, a partial sequence of the IL34-3′-UTR including the miR-31-binding site and a mutated 3′-UTR of IL34 was cloned into a luciferase reporter (Fig. 5d ). The constructs were co-transfected with negative control and miR-31 mimic expression constructs into HEK293T cells. miR-31 repressed luciferase activity in the presence of WT constructs, and this repression was abolished by co-transfection with miR-31 and a luciferase reporter including a mutant form of the miR-31-binding site on IL34 (Fig. 5e ).
miR-31 prevents hyperactivation of JAK-STAT3 signaling by repressing IL34
Interleukin family members are important upstream signaling cytokines that mediate activation of the JAK-STAT pathway, leading us to investigate the effects of miR-31 inactivation on the JAK-STAT3 signaling pathway. We found that IL34, STAT3 phosphorylation, and total STAT3 protein levels were all strongly increased in both proliferating and differentiating cultures with loss of miR-31 ( Fig. 6a, b ). Upregulation of the total STAT3 protein level is a type of autoregulation that has been previously documented [37, 38] . To further investigate the effects of hyperactivation of JAK-STAT3 signaling on the fate of SCs, we isolated and cultured single myofibers for 42 h, the time point at which SCs have just undergone the first cell division, and then fixed the SCs for coimmunostaining with anti-Pax7 and anti-Ki67 antibodies. Cell doublets containing one Pax7 + Ki67 − cell and one Pax7 + Ki67 + cell occupied a significantly higher ratio among the dividing cells of miR-31-KO mice than among those of WT mice ( Fig. 6c, d ).
Interestingly, WT SC cultures were treated with recombinant OSM, an activator of JAK-STAT3 signaling, to induce tyrosine phosphorylation of STAT3 both under growth and differentiation conditions ( Supplementary Fig. S5a ). In agreement with the SCs with loss of miR-31 function, OSM treatment led to a subpopulation of Pax7 + cells that reversed to quiescence ( Supplementary Fig. S5b, c) , enhanced the terminal myogenic differentiation of SCs ( Supplementary  Fig. S5d , e) and a decreased ratio of the Ki67 + cell population compared with bovine serum albumin (BSA)-treated control cells ( Supplementary Fig. S5f ). We next examined whether knockdown of IL34 messenger RNA could reduce p-STAT3 protein levels in miR-31-KO cultures. IL34 and p-STAT3 protein levels were apparently downregulated upon transfection of miR-31deficient proliferating SCs with a lentivirus expressing shRNA that specifically interfered with IL34 ( Fig. 6e and Supplementary Fig. S5g ). We also treated WT cultures ex vivo with an essential physiological activator of the JAK-STAT3 signaling (interleukin 6 (IL6)) to measure the activation of JAK-STAT3. Notably, treatment with IL6 significantly promoted activation of JAK-STAT3 as did loss of miR-31, suggesting that miR-31-regulated IL34 is an effective axis to stimulate JAK-STAT3 signaling ( Supplementary Fig. S5h ). Moreover, IL34 siRNA treatment decreased the ratio of the Ki67 − cell population in miR-31-KO cultures ( Fig. 6f, g) . To further investigate the effects of impaired IL34 function on the regeneration of skeletal muscle of miR-31-KO mice, we treated injured TA muscle with a lentivirus expressing shRNA that specifically interfered with IL34. IL34 shRNA treatment promoted the recovery of injured TA muscle of miR-31-KO mice (Fig. 6h, i) and reduced the protein levels of both IL34 and p-STAT3 in the regenerating TA muscle of miR-31-KO mice (Fig. 6j ). In addition, we treated regenerating TA muscles of miR-31-KO mice with the STAT3 inhibitor 5,15 DPP. Remarkably, inhibition of JAK-STAT3 significantly promoted the recovery of injured TA muscles of miR-31-KO mice (Fig. 6k, l) . To further explore the impact of IL34 on the JAK-STAT3 pathway, we treated cultured WT SCs with recombinant IL34 to detect the activity of JAK-STAT3 signaling. Importantly, upregulation of p-STAT3 protein levels was detected in cell cultures following IL34 treatment relative to BSA (control) treatment (Fig. 6m ). To measure whether forced expression of IL34 in damaged TA muscle of WT mice could impair the repair of skeletal muscle, we utilized the BaCl 2 -induced muscle regeneration mouse model. We observed remarkably smaller regenerating myofibers in IL34-expressing adenovirus-treated TA muscles at day 5 after injury (Fig. 6n, o) . IL34-expressing adenovirus-treated injured TA muscles exhibited higher levels of Pax7, IL34, p-STAT3, and STAT3 than control adenovirus-treated injured TA muscles (Fig. 6p) . These results indicate that the miR-31-IL34 axis in proliferating SCs functions in modulating JAK-STAT3 signaling activity to the proper level.
IL34 is required for myogenic lineage progression by activating JAK-STAT3 signaling in cultured SCs
Although we found increases in IL34 and p-STAT3 protein levels in SCs lacking miR-31, it remains unknown whether IL34 modulates STAT3 activation by a cell-autonomous regulatory mechanism. To address this question, we measured IL34 and p-STAT3 protein levels during in vitro myogenesis using cultured SCs. The increase in the IL34 protein level correlated with an increase in the p-STAT3 level, suggesting that IL34 was a potentially positive regulator of JAK-STAT3 signaling (Fig. 7a ). We then infected WT proliferating SCs with a lentivirus expressing shRNA against IL34 and performed a FACS-based assessment to purify stably infected cells, which were cultured and induced to differentiate (Fig. 7b ). Treatment with shIL34 caused a significant decrease in IL34 and p-STAT3 protein levels (Fig. 7c ) and a reduction in Pax7, MyoD, and MyHC protein levels (Fig. 7d) . Infection with shIL34 led to the persistent existence of a high percentage of both Pax7 + and MyoD + cells (Fig. 7e-h) . However, these cells were unable to initiate the expression of myogenin (Fig. 7i, j) . We also demonstrated that loss of IL34 function impaired terminal myogenic differentiation of SCs, as shown by a lower differentiation index than that produced by transfection with shScramble ( Fig. 7k, l) . Collectively, these results indicated that IL34 is an intrinsic regulator that initiates myogenic progression via activation of JAK-STAT3 signaling.
Discussion
Previous studies have reported that the transcription level of miR-31 in activated SCs is upregulated [32] , indicating that miR-31 is pivotal for the cell-autonomous regulatory mechanisms of activated SCs, which is in line with our in situ hybridization and qRT-PCR analyses, both of which further revealed that miR-31 was upregulated in injured muscle (Fig. 1a, b ). In this study, we showed that BaCl 2induced muscle regeneration was severely delayed at the early stage in mice with loss of miR-31 (Fig. 1e ). This defective regeneration was mainly ascribed to the SCspecific loss of function of miR-31, which was supported by transplanting WT and miR-31-KO SCs into injured TA muscles of WT mice ( Fig. 1l-n) . Although miR-31 deletion had no effect on satellite stem pool at basal line, there was a dramatic reduction in Pax7 + cell numbers in both regenerating myofibers and in vitro cultured single myofibers. These results suggested that miR-31 is important for the function of SCs in their activated phase. Results showed that the proliferation capacity of SCs in regenerating muscle and cultured SCs was reduced in miR-31-KO mice. Interestingly, we observed that deletion of miR-31 increased the proportion of Pax7 + Ki67 − quiescent cells as well as the percentage of Myod + Ki67 − committed cells. The results suggest that the reduction of cycling SCs is attributed to asymmetric cell fate segregation, which generates one differentiated cell and one quiescent stem cell. Upregulation of miR-31 has been shown to decrease the activity of both endothelial and neuronal nitric oxide synthase (NOS), which participate in muscle repair by modulating SC functions [39] [40] [41] . Inhibition of nitric oxide signaling in miR-31-KO cultures by treatment with an NOS inhibitor, L- Fig. S6 ), indicating that miR-31-regulated skeletal muscle regeneration has little relation to nitric oxide signaling. Collectively, the cell-autonomous regulatory mechanism of miR-31 to balance SC differentiation and self-renewal underscores its vital role in effectively sustaining skeletal muscle regeneration.
Analysis of the molecular mechanisms revealed that miR-31 promotes the expansion of proliferating SCs by repressing IL34, a cytokine produced by a wide range of cells. IL34 is highly conserved among all vertebrates from fish to humans, and it is associated with a series of inflammatory diseases and tumorigenesis [42] [43] [44] [45] . These results suggest that IL34 modulates many biological developmental and pathological processes. However, until now, the expression and functional analysis of IL34 in the regulation of the skeletal muscle system has not been elucidated. Our RNA-seq screening detected the dramatic upregulation of IL34 in activated SCs lacking miR-31, which directly binds to the 3′-UTR of IL34 mRNA, indicating miR-31-mediated IL34 is essential for SC functions.
Asymmetric division, one of the important characteristics of muscle stem cells, is regulated by a cooperation of several complex signaling [46, 47] . Reports have demonstrated that elevated JAK-STAT3 signaling in aging or diseased SCs leads to cells preferentially undergoing asymmetric cell fate segregation, resulting in impaired muscle regeneration and gradually exhausting the satellite stem pool [8, 20, 48, 49] . Our results provide the first genetic evidence that IL34 is a positive intrinsic cellular modulator of JAK-STAT3 signaling and is required for myogenic lineage progression. Loss of function of miR-31-mediated upregulation of IL34 facilitating JAK-STAT3 activity compromised SC function during skeletal muscle regeneration. Stable knockdown of IL34 in WT SCs resulted in the failure of terminal differentiation of Pax7 + MyoD + cells by repressing JAK-STAT3 signaling activity. Forced treatment of WT adult SCs with IL34, similar to loss of miR-31, resulted in overactivated JAK-STAT3 signaling. Hyperactivation of JAK-STAT3 signaling by treatment of WT adult proliferating SCs with Oncostatin M (OSM) resulted in a population of Pax7 + cells that reversed into quiescence ( Supplementary Fig. S5b, c) , supporting previous descriptions that OSM secreted by muscle fibers is responsible for the quiescence induction of muscle stem cells [50] , and the other cells differentiated and then fused with each other to form new myofibers ( Supplementary  Fig. S5d, e ). All of these results indicated that overactivated JAK-STAT3 signaling in adult SCs also promotes asymmetric cell fate segregation during skeletal muscle regeneration.
Our findings provide strong support that during muscle repair, the activity of JAK-STAT3 signaling in SCs is tightly regulated by the miR-31-IL34 axis to enhance muscle repair and functional performance (Fig. 7m) . Manipulation of JAK-STAT3 signaling using smallmolecule inhibitors or siRNAs/shRNA modulates the function of SCs and results in better muscle functional performance. Therefore, we speculate that the specifically targeted miR-31-IL34 axis is a candidate pathway that can counteract the functional exhaustion of SCs in pathological conditions. 
Materials and methods
Animals
The generation of the miR-31 −/− mice on a C57BL/6 background used in this study has been previously described [51] . Housing, husbandry and all experimental protocols used in this study were performed according to the Regulations of Beijing Laboratory Animal Management and strictly obeyed the guidelines of the China Agricultural University Laboratory Animal Welfare and Animal Experimental Ethical Inspection Form (approval number: SKLAB-2011-04-03). At 70 days of age, 75 μl of 1.2% BaCl 2 (Sigma-Aldrich) solution was injected into the TA muscle to cause necrotic injury for the muscle regeneration experiments. For EdU pulse-chase experiments, animals were given an intramuscular injection of EdU (100 μg per mouse) at 2 h before sacrifice. For in vivo inhibition of STAT3 in miR-31-KO mice, we directly injected 25 μl of 5,15 DPP (100 μM) into damaged TA muscles 2 days after 1.2% BaCl 2 treatment as described by Price et al. [20] .
Myofiber isolation and culture
EDL muscles were carefully isolated from 10-week-old WT and miR-31-KO mice and digested with collagenase I (Sigma-Aldrich, C0130). The muscles were incubated in 0.2% collagenase I in serum-free Dulbecco's Modified Eagle Medium (DMEM) on a horizontal rocking bed at 37°C for 60 min. The digested muscle was placed in a 6-cm Petri dish precoated with horse serum, and myofibers were isolated and transferred under a microscope. For suspension culture, single myofibers were placed in a 48-well plate precoated with horse serum. Myofibers were also subjected to adherent culture by coating 48-well plates with a layer of Matrigel. For culturing, myofibers were maintained in DMEM with high glucose (Life Technologies) supplemented with 10% horse serum, 0.5% chick embryo extract, and 1% penicillin-streptomycin. The fibers were cultured at 37°C in a 5% CO 2 atmosphere for 42 h, 72 h, or 120 h. Freshly isolated fibers were fixed with 4% paraformaldehyde (PFA) for 20 min and stained for Pax7 and DAPI.
SC isolation and culture
Hindlimb muscles of 10-week-old WT and miR-31-KO mice were isolated under sterile conditions and minced to yield a muscle suspension. The tissue was then digested with collagenase II (500 units, Sigma-Aldrich, C6885) in DMEM with 5% horse serum at 37°C on a horizontal rocking bed for 60 min. Digested muscle suspensions were washed and further digested with collagenase II (200 units) and dispase II (2.4 units per ml; Roche) for 40 min. Completely digested muscles were then filtered through a 40-μm nylon cell strainer and washed to yield mononuclear-cell suspensions for cell-surface staining. Mononuclear cells were stained with CD31-PE/Cy7 (clone 390; Biolegend), CD45-FITC (clone 30-F11; BD Bioscience), Sca1-PerCp (clone D7; eBioscience), and α-integrin-7-APC (clone R2F2; Ablabs) on ice for 60 min. Cell storage was performed using a Beckman cell sorter equipped with lasers. Cells positive for α-integrin-7 and negative for CD31-PE/ Cy7, CD45-FITC, and Sca1-PerCp were sorted for h Two days after injecting 1.2% BaCl 2 into the TA muscles of miR-31-KO mice, a lentivirus expressing shRNA against IL34 to downregulate IL34 mRNA of injured miR-31-KO TA muscles or shScramble was delivered to the injured muscles. Samples were collected at day 6 post injury. Representative photomicrograph of H&Estained TA muscle sections presenting better recovery of injured TA muscles with impaired IL34 function. Scale bar: 50 μm. i Average size of regenerating myofibers at day 6 after injury. **P < 0.001. j The immunoblots presented here show the IL34, p-STAT3, STAT3, and unrelated GAPDH protein levels in regenerating miR-31-KO TA muscle after treatment with IL34 shRNA. k Two days after injecting 1.2% BaCl 2 into the TA muscles of miR-31-KO mice, a STAT3 inhibitor, 5,15 DPP, was delivered to the injured TA muscles. Histology analysis of the regenerating TA muscles of miR-31-KO mice treated with STAT3 inhibitor or vehicle control at 5 days after injury by H&E staining. Scale bar: 50 μm. l Quantification of the myofiber average CSA in regenerating TA muscle 5 days after injury. N = 3 in each group. ***P < 0.001. m WT proliferating SCs grown in differentiation medium were treated with or without 100 ng/ml recombinant IL34 for 24 h. The immunoblots demonstrate the protein levels of p-STAT3, STAT3, and unrelated β-tubulin in cultures after the addition of recombinant IL34. n Two days after injecting 1.2% BaCl 2 into the TA muscles of WT mice, an adenovirus expressing IL34 or mCherry (control) was delivered to the injured muscles of WT mice. Samples were collected at day 5 post injury. H&E-stained TA muscle sections show worse recovery of injured TA muscles with enhanced IL34 function. Scale bar: 50 μm. o Average size of regenerating myofibers at day 5 after injury. N = 3 in each group. ***P < 0.001. p The immunoblots presented here illustrate the levels of Pax7, IL34, p-STAT3, STAT3, and the unrelated protein GAPDH in regenerating WT TA muscles after the overexpression of IL34 enrichment of activated SCs. Sorted SCs were cultured in growth medium (DMEM supplemented with 20% fetal bovine serum, 1% chick embryo extract, 10 ng/ml basic fibroblast growth factor and 1% penicillin-streptomycin) on 10% Matrigel-coated (BD Biosciences) cell culture plates at 37°C in a 5% CO 2 atmosphere. To induce differentiation, cells at 60% confluency were switched to differentiation medium containing DMED, 5% horse serum and 1% penicillin-streptomycin.
SC transplantation
SCs freshly isolated by FACS were initially seeded and cultured in growth medium for 72 h, then carefully detached by treating them with 0.1% trypsin. A total of 250,000 enumerated SCs were transferred into a sterile collection tub and washed four times with cold PBS to completely remove the remaining medium. Sixty microliters of PBS was added to the resuspended cell pellet, which was immediately injected into 2-day injured TA muscles of adult WT mice.
Histological and morphometric analysis
To assess skeletal muscle morphology and regeneration, skeletal muscle groups were collected and fixed in 4% PFA and then processed for routine paraffin histology. Fivemicron-thick transverse sections of TA muscle were subjected to H&E staining. For quantitative estimation, the cross-sectional area (CSA) was calculated in H&E-stained TA muscle sections using ImageJ software.
Immunofluorescence and immunohistochemistry
For immunohistochemistry analysis, antigen retrieval was performed by heating TA muscle sections in Tris-EDTA buffer (pH 9.0) in a microwave. Sections were then immunostained according to the protocol described by Tian et al. [51] . For immunofluorescence, dewaxed sections were first microwaved in Tris-EDTA buffer (pH 9.0). TA muscle sections, 4% PFA-fixed single myofibers or cultured SCs were washed with PBS and permeabilized with 0.5% Triton X-100 for 15 min. Cells and sections were supplemented with blocking buffer (Beyotime, China) at room temperature for 1 h and then incubated with primary antibodies at 4°C overnight. Sections and cells were washed briefly and incubated with secondary antibodies (Invitrogen) for 1 h at room temperature. DAPI staining was used to indicate nuclei. The following primary antibodies were used: mouse anti-Pax7 
miR-31 in situ hybridization
Analysis of miR-31 in injured skeletal muscle was performed by in situ hybridization according to a previously described protocol. In brief, digoxigenin (DIG)-labeled miR-31, scrambled LNA probes (Exiqon) and the positive control U6 were incubated at 55°C. Anti-DIG-AP antibody followed by development using BM purple substrate (Roche) were used to visualize in situ signals. The nuclei were labeled using nuclear fast red-crystal staining.
Western blotting
Total protein extracts were obtained by homogenizing skeletal muscle and cell cultures in radioimmunoprecipitation buffer (Cell Signaling Technology, Cat: 9806) supplemented with protease inhibitor cocktail (Beyotime, China) and phosphatase inhibitors (Roche). Cell debris was removed by centrifugation, and the supernatant was collected and stored at −80°C. Protein concentration was measured using a BCA protein assay kit (Beyotime, China), and 30 μg of protein from different samples was then electrophoresed by 10% SDS-PAGE. Western blotting analysis was performed using a standard protocol. The Fig. 7 IL34 is required for myogenic lineage progression in cultured SCs. a Fresh SCs were seeded, cultured in growth medium, and then induced to differentiate for various amounts of time. The immunoblots presented here reveal the protein levels of IL34, p-STAT3, STAT3, and unrelated β-tubulin in cultured SCs at different time points after initiation of differentiation. b SCs were isolated from the hindlimbs of WT mice using FACS, cultured in growth medium for 3 days, and treated with shIL34 lentivirus or control shRNA (shScr) for 36 h. The positively infected SCs were then purified by FACS according to the intrinsic enhanced green fluorescent protein (EGFP) fluorescence expressed by the lentivirus. Purified infected SCs were cultured for further analysis. c Western blot analysis of the levels of IL34, p-STAT3, STAT3, and an unrelated protein (GAPDH) in WT cell cultures after shScr and shIL34 treatment. d Western blot analysis of the levels of MyHC, MyoD, Pax7, and an unrelated protein (GAPDH) in WT cell cultures after shScr and shIL34 treatment. e Representative merged photomicrographs of SCs stably infected with a lentivirus expressing shIL34 or shScr that were induced to differentiate for one day and stained for Pax7 and DAPI. Scale bar: 30 μm. f Quantification of the percentage of Pax7 + SCs after shScr and shIL34 infection. ***P < 0.001. g Representative merged photomicrographs of SCs stably infected with a lentivirus expressing shIL34 or shScr that were induced to differentiate for one day and stained for MyoD, and DAPI. Scale bar: 30 μm. h Quantification of the percentage of MyoD + SCs after lentiviral infection. ***P < 0.001. i Representative merged photomicrographs of SCs stably infected with a lentivirus expressing shIL34 or shScr that were induced to differentiate for one day and stained for MyoG and DAPI. Scale bar: 30 μm. j Quantification of the percentage of MyoG + SCs after lentiviral infection. ***P < 0.001. k Representative merged images of differentiated MyHC + myotubes in SCs that were stably infected with shIL34 or shScr lentivirus and analyzed 48 h after differentiation was induced. Scale bar: 30 μm. l The differentiation index was measured after shIL34 treatment according to the percentage of nuclei in MyHC-positive cells. ***P < 0.001. m The miR-31-IL34 axis working model in skeletal muscle regeneration following antibodies were used: Pax7 (1:500, DSHB), p-STAT3 (1:1000, CST), STAT3 (1:1000, CST), IL34 (1:1000, Abcam), MyoD (1:500, Scanta), MyoD1 (1:500, Dako), MyoG (1:1000, Scanta), GAPDH (1:10000, CST), β-tubulin (1:10000, Abcam), horseradish peroxidase (HRP)conjugated anti-mouse IgG (1:10000, CST), and HRPconjugated anti-rabbit IgG (1:10000, CST).
Cell proliferation assay
In vivo cell proliferation and SC proliferation were analyzed by labeling cells with EdU for 120 min using a Click-iT EdU Cell Proliferation Assay Kit (Invitrogen). In brief, 1.5 × 10 4 SCs were seeded on Matrigel-coated glass cover slips placed in a 24-well plate and incubated at 37°C in a 5% CO 2 atmosphere for five days; EdU was added to label proliferating cells during the last 2 h. To evaluate in vivo cell proliferation, EdU was injected 2 h prior to harvesting regenerating TA muscles from WT and miR-31-KO mice at 3 days post injury.
Microarray and data analysis
For mRNA microarrays, total RNA samples were collected from cultured proliferating SCs of WT and miR-31-KO mice. Then, the RNA samples were submitted to Gene Denovo Biotechnology Co. Library construction, sequencing and bioinformatics analysis were performed, strictly obeying corporate standard operation protocols, which are available online (http://www.genedenovo.com/).
Real-time qPCR analyses
Total RNA from injured or uninjured TA muscle and SCs was extracted with TRIzol reagent (Invitrogen, Life Technologies) according to the manufacturer's standards. Firststrand cDNA for PCR analyses was generated with M-MLV Reverse Transcriptase (Sigma) using oligo (dT) primers. Real-time PCR analysis was performed using a Light Cycler 480 real-time PCR system (Roche). The qRT-PCR primers were as follows:
Pax7-forward: 5′-TGGGGTCTTCATCAACGGTC-3′; Pax7-reverse: 5′-ATCGGCACAGAATCTTGGAGA-3′; IL34-forward: 5′-TACAAGAACCGGCTTCAGTACA-3′; IL34-reverse: 5′-GCATTGAGACTCACCAAGACC-3′; GAPDH-forward: 5′-CCCAGAAGACTGTGGATGG-3′; GAPDH-reverse: 5′-ACACATTGGGGGTAGGAACA-3′.
Transfection and luciferase assays
3′-UTR fragments of IL34 containing the miR-31 target site were cloned into the psiCHECK TM -2 vector (Promega). Mutagenesis of the miR-31-binding site, cell culture, and luciferase assay were performed as previously described [52] .
Construction and packaging of lentivirus and adenovirus granules
Lentivirus expressing control shRNA or shRNA against IL34 and adenovirus expressing IL34 or mCherry were designed and generated by a commercial organization. Packaging of the lentivirus and adenovirus granules was strictly performed according to the standard operating protocols of Cyagen Biosciences Inc.
In vitro knockdown of IL34
For viral transduction, quiescent SCs (4 × 10 5 ) isolated from the hind limbs of adult miR-31-KO or WT mice were plated in a 6-well culture dish for amplification culture. Then, virus was added to infect the SCs, with the quantity of the added virus regulated to ensure a multiplicity of infection of 60. A total of 5 μg/ml polybrene was used to increase infection efficiency. After infection for 12 h, the medium was removed and replaced with fresh medium, and cells were incubated for another day before purified enhanced green fluorescent protein-positive cells were isolated by FACS.
In vivo knockdown and overexpression of IL34
For overexpression of IL34 in injured TA muscle of WT mice, an adenovirus expressing IL34 or mCherry (control) in 0.9% NaCl was directly injected into the injured muscle at day 2 post injury, and the muscle was then allowed to recover for another 3 days. The viral dose was 2 × 10 11 plaque-forming units (p.f.u.) per damaged TA muscle of WT mice.
For knockdown of IL34 in injured TA muscle of miR-31-KO mice, a lentivirus expressing shRNA against IL34 or control in 0.9% NaCl was directly delivered into the injured TA muscle of miR-31-KO mice by local injection at day 2 after BaCl 2 -induced injury, and muscles were collected for analysis 6 days post injury. The viral dose was 5 × 10 8 p.f.u.
Statistical analysis
A minimum of three and up to five replicates were performed for all experiments. Values are presented as the means ± SEM. Differences between two experimental groups were tested for statistical significance using an unpaired two-tailed Student's t test. p < 0.05 was considered to be significant.
